The yeast Saccharomyces cerevisiae contains five phosphoribosyl diphosphate (PRPP) synthase-homologous genes (PRS1 to 5), which specify PRPP synthase subunit 1 to 5. Expression of the five S. cerevisiae PRS genes individually in an Escherichia coli PRPP-less strain (∆prs) showed that a single PRS gene product had no PRPP synthase activity. In contrast, expression of five pair-wise combinations of PRS genes resulted in the formation of active PRPP synthase. These combinations were PRS1 PRS2, PRS1 PRS3, and PRS1 PRS4, as well as PRS5 PRS2, and PRS5 PRS4. None of the remaining five possible pair-wise combinations of PRS genes appeared to produce active enzyme. Extract of an E. coli strain containing a plasmid-borne PRS1 gene and a chromosome-borne PRS3 gene contained detectable PRPP synthase activity, whereas extracts of strains containing PRS1 PRS2, PRS1 PRS4, PRS5 PRS2 or PRS5 PRS4 contained no detectable PRPP synthase activity. In contrast PRPP could be detected in growing cells containing PRS1 PRS2, PRS1 PRS3, PRS5 PRS2, or PRS5 PRS4. These apparent conflicting results indicate that, apart from the PRS1 PRS3-specified enzyme, PRS-specified enzyme is functional in vivo, but unstable when released from the cell. Certain combinations of three PRS genes appeared to produce enzyme that is stable in vitro.
(Introduction)
The compound 5-phospho-D-ribosyl α-1-diphosphate (PRPP) 1 is an important component of the metabolism of most organisms. PRPP is a precursor of the biosynthesis of purine, pyrimidine and pyridine nucleotides, as well as of the amino acids tryptophan and histidine (1) . The biosynthesis of PRPP is catalyzed by PRPP synthase (ATP:D-ribose 5-phosphate pyrophosphotransferase, EC 2.7.6.1), which is encoded by a PRS gene: ribose 5-phosphate + ATP → PRPP + AMP (2) . Except for certain specialized mutants of Escherichia coli all free-living organisms contain at least one gene encoding PRPP synthase. These E. coli mutants require guanosine, uridine, histidine, tryptophan and NAD (1, 3) . The yeast Saccharomyces cerevisiae contains five PRPP synthase-homologous genes, PRS1 to 5, encoding PRPP synthase subunit 1 to 5, respectively. All five genes have been shown to be expressed (4, 5, 6) . Phylogenetic analysis revealed a close relationship of S. cerevisiae PRPP synthase subunits with PRPP synthases from other eukaryotic organisms, including man, rat and Caenorhabditis elegans. S. cerevisiae PRPP synthase subunits 2, 3 and 4 resemble the "classical" class I PRPP synthases from E. coli, Bacillus subtilis and man in length (311 to 355 amino acids) and amino acid sequence identity (44 to 63 %) (7) . In contrast, S. cerevisiae PRPP synthase subunits 1 and 5 contain additional amino acids, which constitute non homologous regions (NHR). Thus, subunit 1 contains one NHR (NHR1) consisting of 105 amino acids whereas subunit 5 contains NHR5-1 consisting of 110 amino acids and NHR5-2 consisting of 63 amino acids. The "insertion points" of NHR1 and NHR5-2 are at similar locations, as seen by amino acid sequence alignments of PRS1 and PRS5 specified polypeptides. As a consequence of these NHRs the length of subunits 1 and 5 are 427 and 496 amino acids, respectively. The amino acid sequence identity of subunit 1 or 5 with PRPP synthases from E. coli, B. subtilis or man is 41 to 54 %.
In general microorganisms contain a single PRPP synthase-specifying gene. To elucidate the role of five PRS genes in S. cerevisiae I have undertaken a biochemical Gene Replacement -PRS genes were inserted into the E. coli chromosome in place of prs Ec by using a two step procedure involving a polA1 strain (HO480) and a pol + ∆prs-4::Kan r hemA strain (HO2120) essentially as described before (14) .
Insertion of the various PRS genes at the proper position was confirmed by genetic mapping and by nucleotide sequencing of DNA fragments produced by PCR.
Template for this PCR was chromosomal DNA isolated from each strain. Primers annealed outside the replaced DNA fragment. In all of the strains used the predicted gene replacement had occurred. Bacteriophage P1 transduction was performed as previously described (15) . Ribose 5-phosphate dependent formation of PRPP was determined by parallel incubations as above, but without ribose 5-phosphate present. Activity without P i present was determined as above except that the potassium phosphate buffer was replaced by Tris-HCl buffer (pH 8.5). Protein content was determined by the bicinchoninic acid procedure with BSA as the standard (19) .
Preparation of Cell Extracts for Enzyme Analysis

Determination of PRPP and Ribonucleoside Triphosphate Pools -E. coli cells
were grown at 30 °C in Tris-buffered minimal medium containing 0.3 mM P i (17) with glucose as the carbon source and with guanosine, uridine, histidine and tryptophan present. After several generations of exponential growth, carrier-free 32 P i (Nex-053, New England Nuclear) was added to a specific radioactivity of approximately 3 TBq mol -1 . After three generations of growth samples were removed, and PRPP and ribonucleoside triphosphates were extracted and separated by two-dimensional thin-layer chromatography on polyethyleneimine impregnated - The five PRS genes were cloned in pHO4 or pHO11, which are derivatives of pBR322, in a manner that caused replacement of the prs Ec coding sequence with those of the five PRS genes.
RESULTS
Cloning of and Complementation by PRS Genes
There was a three-fold advantage with these constructions. Firstly, it allowed expression of the PRS genes in E. coli to be driven by the well-characterized prs Ecpromoter. Secondly, the presence of E. coli prs-flanking nucleotide sequences in the recombinant PRS-harboring plasmids allowed gene replacement by homologous recombination to occur and a series of isogenic strains were obtained. These strains differed only in their PRS coding sequences. Finally, with all of the five PRS genes present in either the chromosome of E. coli or in a plasmid, the effect of combining any two PRS genes could be analyzed. Complementation was performed as described in "Experimental Procedures." Briefly PRPP-less mutants of E. coli require guanosine, uridine, histidine, tryptophan and NAD for growth. Transformants were plated on medium lacking guanosine or NAD, and growth in the absence of either of these compounds indicate acquisition of a PRS gene which specify active PRPP synthase. Complementation was analyzed in the following strains: HO773, which contains a large deletion of the prs Ec gene, resulting in lack of PRPP synthase activity, HO2264, HO2268, HO2480, HO2284 and HO2481, which had the prs Ec gene replaced by the S. cerevisiae PRS1, PRS5, PRS2, PRS3 and PRS4 gene, respectively. These six strains required NAD for growth, indicating formation of inactive PRS gene products. In addition none of the five PRS genes (harbored in pHO405, pHO485, pHO491, pHO482 or pHO420) were able to complement the ∆prs mutant allele harbored in strain HO773, as seen by the requirement of NAD for growth of the transformants (Table II) . In contrast a plasmid-borne wild-type allele by guest on July 16, 2017 http://www.jbc.org/ Downloaded from of E. coli prs complemented ∆prs. As expected the non-prs harboring plasmid pBR322 was unable to complement ∆prs. Strain HO2264 (PRS1) transformed with the PRS3-harboring plasmid pHO491 was able to grow in the absence of guanosine, which suggests that the PRS1 specified polypeptide together with PRS3 specified polypeptide resulted in the formation of active PRPP synthase. If a less severe selective pressure was applied by omitting NAD rather than guanosine, growth of HO2264 transformed with pHO485 (PRS2) was observed, which indicated the formation of an enzyme with low activity. PRS1 (pHO405), PRS4 (pHO482) or PRS5 (pHO420) did not complement PRS1. Strain HO2268 (PRS5) grew without guanosine present when transformed with PRS2-harboring or PRS4-harboring plasmids (pHO485 and pHO482, respectively), but required guanosine and NAD when transformed with plasmids harboring S. cerevisiae PRS1, PRS3 or PRS5 (pHO405, pHO491 and pHO420, respectively). Thus, PRS5-specified polypeptide together with polypeptide specified by PRS2 or PRS4 appeared to result in the formation of active PRPP synthase. The PRS2 gene (strain HO2480) was complemented by PRS5 (pHO420), and when the less selective pressure without NAD present was applied, also by PRS1 (pHO405). PRS3 (strain HO2284) was complemented by PRS1 (pHO405). Finally, PRS4 (strain HO2481) was complemented by PRS5 (pHO420) when guanosine was omitted, and by PRS1 (pHO405) when NAD was omitted, indicating the formation of active PRPP synthase by subunit 4 together with subunit 5, and to a lesser extent subunit 4 with subunit 1. The data of Table II show that identical results, with one exception, were obtained in reciprocal 
PRPP synthase activity, PRPP and ribonucleoside triphosphate pools of E. coli strains harboring two PRS genes -Extracts of the strains which contained two PRS
genes with a resulting NAD + Guo -or NAD + Guo + phenotype were analyzed for their content of PRPP synthase activity (Table III) . The data show that the activity of strain HO2284 (PRS3)/pHO405 (PRS1) was 350 nmol (min × mg protein) -1 , whereas the remaining strains (i. e. those containing S. cerevisiae PRS1 PRS2, PRS1 PRS4, PRS5 PRS2, PRS5 PRS4) had no detectable PRPP synthase activity. Similarly, extract of strain HO2264 (PRS1)/pHO491 (PRS3) contained no detectable activity.
For comparison values for PRPP synthase activity determined in extracts of defined wild-type strains of S. cerevisiae and E. coli are also given in Table III . This lack of PRPP synthase in extracts of most of the strains may seem surprising, as most of them grew in the absence of any addition, and, thus, should contain readily detectable amounts of PRPP synthase activity. I therefore analyzed the synthesis of PRPP in vivo by determination of PRPP pools as well as of ribonucleoside triphosphate pools (Table III) . Apart from strain HO2281 (PRS4)/pHO405 (PRS1), which was unable to grow in the low-phosphate medium used for pool analysis, the strains produced detectable amounts of PRPP, albeit in very different amounts.
Consistent with their NAD + Guo -phenotype, the strains harboring S. cerevisiae by guest on July 16, 2017 http://www.jbc.org/ Downloaded from PRS1 PRS2 contained very low PRPP pools, whereas their ribonucleoside triphosphate pools were essentially normal when compared to the pools of a the E. coli wild-type strain HO698 (Table III) . The remaining strains analyzed revealed increased pool sizes of PRPP as well as of ribonucleoside triphosphates, which may indicated altered regulation of the synthesis of these compounds.
E. coli strains harboring three PRS genes -Certain combinations of three PRS
genes had remarkable effects on the measurable PRPP synthase activity. The results are given in Table IV . None of the plasmids harboring two PRS genes apparently specified measurable PRPP synthase activity. However, introduction of the PRS1 PRS5-specifying plasmid, pHO443, into a PRS2 or a PRS4 background (Table IV) .
Characterization of PRS specified PRPP synthase synthesized in E. coli -The properties of PRPP synthases specified by S. cerevisiae PRS1 PRS3 and by S. cerevisiae PRS1 PRS2 PRS5 were analyzed in greater detail with respect to P i -, pHand temperature-dependence, as well as to inhibition by ADP. The results were compared to PRPP synthases of wild-type S. cerevisiae and E. coli (Table V) . The two enzymes containing subunits 1 and 3 or subunits 1, 2 and 5 behaved quite similarly. Both required phosphate for activity, they were essentially inactive at a low pH (6.0), they were inactive at a high temperature (56 °C), and both were severely inhibited by ADP. Wild-type S. cerevisiae PRPP synthase was also very sensitive to heat. In contrast the effects of lack of phosphate, low pH and the presence of ADP on the wild-type enzyme was less severe than that on the recombinant enzymes.
DISCUSSION
In the present work I have shown for the first time that active PRPP synthase may be assembled from subunits, which are individually inactive. All wellcharacterized PRPP synthases are homooligomeric enzymes with the exception of the rat liver enzyme, which is composed of two different but very similar polypeptides. Both of these polypeptides are active individually (20) . I used an E. coli ∆prs strain with no endogenous PRPP synthase activity to detect the formation of active PRPP synthase specified by the five PRS genes. Individually none of the five by guest on July 16, 2017 http://www.jbc.org/ Downloaded from 16 PRS genes specified active PRPP synthase as evaluated by the lack of growth of the ∆prs/PRS Sc strains. Growth of ∆prs/PRS Sc strains was not observed even in the absence of NAD. This is particularly striking, as only 1-2 % of the PRPP formed in wild-type E. coli cells are used for NAD synthesis (21) . In contrast, each subunit together with at least one additional subunit was able to generate an active enzyme, but not just any pair-wise combination of subunits. Only five of the 10 possible two-subunit combinations appeared to have PRPP synthase activity. Previous analysis of S. cerevisiae revealed interaction in vivo between subunit 1 and 3, between subunit 5 and 2, and between subunit 5 and 4 (22) . In the present work I
showed that co-expression of S. cerevisiae PRS1 and PRS3, PRS5 and PRS2, or PRS5
and PRS4 in E. coli resulted in the formation of active PRPP synthase. In addition co-expression of S. cerevisiae PRS1 and PRS2, or PRS1 and PRS4 resulted in the formation of active PRPP synthase. These two latter combinations escaped detection in previous analysis of S. cerevisiae and demonstrate the power of using an E. coli ∆prs strain for this analysis. It is worth noting that the strains, which expressed PRS1 PRS2, had an NAD + Guo -phenotype, and, consistently, contained very little PRPP. It appears that the formation of active PRPP synthase required the presence of one subunit, which contained an NHR together with one, which did not contain an NHR, i.e. subunit 1 together with one of either subunit 2, 3 or 4, or subunit 5 with either subunit 2 or 4. In particular combining subunits 2, 3 and 4 resulted in an inactive enzyme. This is consistent with results obtained by genetic studies, which showed that an S. cerevisiae ∆prs1 PRS2 PRS3 PRS4 ∆prs5 mutant strain was not viable (22) . In a few cases a gene dosis effect was observed. Thus, expression of PRS1 and PRS3 resulted in dramatically different activities whether PRS1 was on the chromosome or on the plasmid, with PRS1 on the chromosome resulting in the higher activity. Apart from different expression levels the codon bias may be of importance. The different codon bias of S. cerevisiae and E. coli (23) is also seen among all five PRS genes.
by guest on July 16, 2017 http://www.jbc.org/ Downloaded from S. cerevisiae cells deleted for one, two or three PRS genes contain very little PRPP synthase activity in vitro, from 0.9 % (strain ∆prs2 ∆prs3) to 16-17 % (strain ∆prs4, strain ∆prs5 or strain ∆prs2 ∆prs4 ∆prs5) of the activity of a wild-type strain (22) . A ∆prs3 ∆prs4 strain contained 5.6 % of the activity of a wild-type strain. I chose to analyze in further detail the PRPP synthases containing either subunits 1 and 3 or subunits 1, 2 and 5. These two enzymes should be comparable to those harbored in the S. cerevisiae mutant strains ∆prs2 ∆prs4 ∆prs5 and ∆prs3 ∆prs4, respectively. The two enzymes responded essentially similarly to the assay conditions applied here, i.e. lack of P i , low pH, high temperature and the presence of ADP, a potential inhibitor of PRPP synthases from enteric bacteria and from Bacillus subtilis (24, 25) . The wild-type S. cerevisiae PRPP synthase was less sensitive to ADP, retained a higher activity in the absence of P i and a low pH than the recombinant enzymes. These differences may be ascribed to the incompleteness of the recombinant enzymes. Indeed, S. cerevisiae PRPP synthase appears to represent an example of a complex enzyme. Two different subunits are necessary to establish an active enzyme in vivo as confirmed by complementation of E. coli ∆prs as well as by formation of PRPP in vivo by for example S. cerevisiae PRS2 PRS5.
However, apart from PRS3 PRS1, no PRPP synthase activity could be detected in vitro unless a third PRS genes was co-expressed as well.
TABLE I
Microbial strains and plasmids
The plasmid pBR322 was used as parent for recombinant plasmids. Each of the plasmids contained a bla gene. In addition pBR322 contains a tetracycline resistance-encoding gene. Plasmid-harbored PRS genes were expressed from the E. coli prs promoter.
Strain/plasmid
Description Source/reference/construction a Enzyme preparations were dialyzed against 50 mM Tris-HCl, pH 7.6 before assay, which was performed in the absence of P i .
